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Abstract 
Polymer microcapsules have been used commercially for decades, however they have an 
inherent flaw which renders them impractical as a carrier of small, volatile molecules. The 
porous nature of the polymer shell allows for diffusion of the encapsulated molecules into the 
bulk. The use of metal shells is an innovative way to prevent undesired loss of small 
molecules from the core of microcapsules, however it is important, particularly when using 
expensive metals to ensure that the resulting shell is as thin as possible.  
Here we investigate the fundamental mechanisms controlling the gold shell thickness when a 
fragrance oil is encapsulated in a poly(methyl methacrylate) shell. We consider the 
distribution of the nanoparticles (NPs) on the capsule surface, and from quantification of the 
adsorbed NP density and resulting shell thickness, we propose mechanisms to describe the 
gold shell growth for systems with high and low NP surface coverage.  We suggest from our 
observations that the gold grows to fill in the gaps between NPs. At low NP concentrations, 
thicker metal shells form. We postulate that this is due to the low NP density on the surface, 
forcing the gold clusters to grow larger before they meet the adjacent ones. Thus, to grow the 
thinnest possible shells a densely packed monolayer of platinum nanoparticles is required on 
the capsule surface. 
Introduction 
Microencapsulation is a frequently used approach to control the delivery of active molecules 
and is used in a number of industries including agrochemicals,1 pharmaceuticals,2, 3 home and 
personal care,4 paints,5 and foods.6 Most of the microcapsules used in industrial applications 
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today are traditional polymer-shell systems but although they are generally simple to 
manufacture, such microcapsule systems possess severe limitations for the retention and thus 
the delivery of small actives. Indeed, polymer-based microcapsule membranes are highly 
permeable to low molecular weight active compounds.7 Several methods have been suggested 
for reducing the leakage rate of such small molecules from microcapsules.8-10 For example 
Dowding et al. investigated the effect of increasing the thickness of the polymer shell to 
inhibit release, and also cross-linking the polymer to reduce its porosity.8 Whilst they did see 
an improvement in core retention, they were unable to completely prevent losses from the 
core. Antipov et al. synthesised microcapsules using a layer-by-layer approach and found that 
by increasing the number of polyelectrolyte layers they could improve the core retention 
time, but only by minutes.9  In addition, Zieringer et al. have shown that microfluidic 
methods can be used to form polymer microcapsules with a fluorinated shell, which was 
shown to retain 98% of dissociated CaCl2 ions over a period of four weeks in an aqueous 
continuous phase.11 These authors also demonstrated that by manipulating the osmotic 
pressure difference between the interior and exterior of the microcapsules, release of the salt 
could be triggered. However, when using organic solvents as the continuous phase, the 
release of the encapsulated small actives was more rapid. Despite its drastically improved 
core retention, this method still suffers from the fact that production of microcapsules through 
microfluidic channels is not yet a scalable technology. In an earlier publication, we reported 
an alternative approach for the manufacture of impermeable metal coated microcapsules 
using an electroless plating technique.7 In this previous work, we demonstrated the ability of 
such metal-coated microcapsules to fully retain a small, volatile molecules on timescales of 
the order of months in an environment that fully dissolves these molecules. We also 
demonstrated the drastic influence of the catalytic nanoparticle surface density on the quality 
of the deposited second metal layer. This is particularly important as small defects in the 
microcapsule metal coating induces rapid release of the core when in contact with a 
solubilising bulk phase, while a continuous metal shell provides impermeability. Therefore, 
this current work aims to explore several parameters leading to differences in the nanoparticle 
surface density and to contribute to an improved understanding of the growth mechanism of 
the second metal film through electroless plating. 
Electroless plating is a process by which a metal is reduced onto a surface from its salt 
initially dissolved in the bulk, without the need for an applied electrical potential.12 Metal 
nanoparticles of either the same metal or a complementary metal are often used as a catalyst 
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for the plating reaction, and can be used to spatially locate the deposition of the plated metal 
on the surface of interest.13-18 There are a great many applications reported for electroless 
deposition, particularly in electronic materials fabrication, such as for circuit boards,19 
conductors,20 optical devices,21 and electromagnetic shielding.22 
A number of electroless deposition studies have been conducted on 3-dimensional surfaces, 
such as polymer beads,23-25 and more recently microcapsules.7, 26 Our approach involves first 
the preparation of a polymeric core-shell microcapsule from an oil-in-water emulsion,7 using 
the method of Loxley and Vincent,27, 28 then adsorbing poly(vinyl pyrollidone) (PVP)-
stabilised platinum nanoparticles to the polymer surface,17 before using the catalytic 
properties of these nanoparticles to deposit a continuous metal layer around the 
microcapsules.29  
A significant concern with this method is the associated cost of producing precious metal-
coated capsules, as this will restrict the range of possible applications for the technology. 
While it is clear that the use of more affordable catalyst nanoparticle/second metal 
combination (to grow silver, copper or zinc films for example) can drastically reduce cost, the 
use of Pt nanoparticle catalysts for the growth of a gold shell has certain advantages, 
including the accepted use of gold surfaces in biological applications and not least the high 
reaction rate, yield and specificity of this metal combination. It is therefore interesting to use 
this particular electroless deposition reaction as an model system to explore our ability to 
understand and control the metal layer growth in this process.  
In our previous work we demonstrated that it was possible to fully retain hexyl salicylate 
within polymeric capsules coated with a continuous ~ 70 nm gold shell.  By reducing the 
metal shell thickness whilst maintaining a continuous impermeable shell, one can also 
drastically reduce production costs. 
In order to achieve, thinner metal films via electroless deposition, the majority of the reported 
work uses plating time as the main control parameter.24, 25, 30-33 However, Hrapovic et al. 
suggest that holes within otherwise continuous gold shells grown on a monolayer of gold 
nanoparticles are due to the large initial inter-particle spacing, preventing the gold 
nanoparticles from coalescing.31 Choe et al. used a complexing agent which was added to the 
plating solution to control the final morphology of their silver shells, grown on a Fe@TiO2 
core-shell particle template.25 They found that addition of a low concentration of tri-sodium 
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citrate encouraged the growth of two different morphologies of silver islands, larger, non-
spherical ones and much smaller spheres. They postulated that the smaller nanoparticles were 
able to fill the gaps left by the larger islands, resulting in a continuous shell being formed. In 
our previous work we showed that it was possible to produce impermeable metal 
microcapsules, with control of the metal shell thickness using temperature as a variable to 
control the reaction rate.7  
Our aim in this work is to further explore the influence of the catalytic nanoparticle layer and 
to understand the mechanism underpinning metal shell growth. In particular, we are 
interested in describing the role of the catalytic nanoparticle distribution on the capsule 
surface in determining the resulting film thickness. Finally, this work alongside others should 
allow for as thin a shell as possible to be achieved, improving cost efficiency without 
reducing performance. 
 
Materials and Methods 
a. Materials 
Poly(methyl methacrylate) (PMMA) (120 kDa), cetyltrimethylammonium bromide (CTAB) 
98%, dichloromethane (DCM) >99%, poly(vinyl pyrrolidone) (PVP) (40 kDa), chloroplatinic 
acid (H2PtCl6) 99%, chloroauric acid (HAuCl4) 99.99%, 30% hydrogen peroxide (H2O2), 
hexyl salicylate 99%, and sodium borohydride (NaBH4), 98%, were obtained from Sigma-
Aldrich and used as received. All solutions were prepared using ultrapure Milli-Q water 
(resistivity of ~18 MΩ.cm-1). 
b. Preparation of gold coated PMMA microcapsules with a hexyl salicylate 
core 
The method used was adapted from the previous work of Hitchcock et al.7 PMMA (10g) was 
dissolved in DCM (76g) before hexyl salicylate (14g) was added and mixed until a single 
phase was formed. In the case of PMMA sphere synthesis the hexyl salicylate was not added. 
CTAB (0.28g) was dissolved into 100 mL Milli-Q water to form the continuous phase. The 
polymer phase (7 mL) and continuous phase (7 mL) were added to a glass vial and emulsified 
(IKA T25 Ultra-Turrax) at 15 000 rpm for 2 min. The resulting emulsion was then stirred 
magnetically at 400 rpm while a further 86 mL of continuous phase was added over 60 
seconds. The diluted emulsion was then stirred at 400 rpm for 24 h at room temperature. The 
resulting PMMA core-shell microcapsules underwent three washing steps via 
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centrifugation/re-dispersion (Heraeus Megafuge R16 at 4000 rpm for 5 min). Each time, the 
supernatant was removed and replaced with fresh Milli-Q water. Finally, the capsules were 
redispersed in 50 mL Milli-Q water. 
The PMMA capsules (1.0 mL, 2 wt %) were then added to a pre-prepared PVP stabilised Pt 
nanoparticle suspension (10 mL), as described in Hitchcock et al,7 and mixed for 30 min at 
30 rpm. The PVP-Pt solution was diluted to 70%, 50%, 30%, 25%, 12.5% and 2% of original 
concentration to study the effect of nanoparticle concentration on the adsorption density and 
the resulting secondary metal shell thickness. The PVP-Pt loaded capsules were immediately 
washed three times by centrifugation/re-dispersion at 4000 rpm for 5 min. Each time, the 
supernatant was removed and replaced with fresh Milli-Q water. The capsules were 
subsequently redispersed in 10 mL Milli-Q water. 
The adsorption time was varied for the 50% diluted nanoparticle sample between 1 min and 4 
h to investigate its effect on the resulting secondary metal shell thickness. 
HAuCl4 (1 mL, 40 mM), hydrogen peroxide (1 mL, 60 mM) and poly(vinyl pyrollidone) (1 
mL, 0.05 mM) constituted the electroless plating solution. The PVP-Pt loaded polymer 
capsules (3 mL, 0.6 wt %) were added dropwise to the plating solution and stirred vigorously 
for 5 min. The metal-coated capsules were subsequently washed by centrifugation at 4000 
rpm for 5 min, three times. 
c. Analysis of metal shell and nanoparticle layer thickness 
To analyse the thickness of adsorbed nanoparticle layers and the subsequent metal shell 
thickness, capsule samples were, after careful cleaning, set in an epoxy resin and 60 nm 
microtome slices of each sample were obtained. These samples were then examined by 
Transmission Electron Microscopy (TEM) (JEOL 1010) and analysed using ImageJ 
(imagej.net) image processing software.34   
Under the TEM, the contrast between the metal and the polymer in the shell is very clear. 
This allows for simple measurements of thickness of the metal shell, as well as observations 
of spatial variation in the film properties. However, it is important to realise that each capsule 
cross section may not necessarily be taken across the centre of the capsule sphere. The point 
at which the image of the shell is expected to be thinnest (the actual shell thickness) will be at 
the equator of the capsule, and as we move further away from that point the metal shell will 
appear thicker, for example, at the top or bottom of the capsule, a 60 nm slice may result in a 
complete gold circle, with no polymer present. This, of course, is not representative of the 
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actual shell thickness, and to account for this, cross section images of many capsules must be 
analysed and plotted as a frequency distribution to find the most frequent length, which will 
correspond to the minimum shell thickness. Further complications are found in the uneven 
nature of the surface of the metal shells. This must also be taken into consideration to 
minimise errors in the determined shell thicknesses.  
If we initially consider a model sample of perfectly smooth and spherical microcapsules, and 
assume a uniform size distribution, we can generate an expected frequency distribution as 
demonstrated in figure 1. By comparing this size distribution to the experimental data 
determined from a sample of capsules with an uneven surface and of non-uniform size, we 
observe that these two parameters effectively extend the curve laterally; but, we obtain the 
same maximum peak as seen for the theoretical data. This confirms that the most frequent 
length corresponds to the actual shell thickness, regardless of the surface morphology, if we 
analyse sufficiently large numbers of capsules. 
 
Figure 1 - Theoretical frequency plot for smooth, uniform 2 µm capsules with a metal 
shell of 60 nm (blue) vs frequency (number of incidents of a particular shell thickness) 
plot of data measured from experimental capsule sample with 6.3x104 PVP-Pt np's added 
per capsule surface area (µm2) (red). 
d. Nanoparticle adsorption using UV spectrophotometry 
UV absorbance spectra were measured using an Agilent Cary 4000 UV-vis 
spectrophotometer to assess the nanoparticle adsorption onto a known surface area of 
polymer capsules. The capsule supernatant was analysed after washing. The baseline was 
established against a sample blank of 0.0625 wt% PVP in order to prevent interference in the 
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region of interest in the spectra. For adsorption times of 2 minutes or less the supernatant was 
diluted 10 times using Milli-Q water before absorbance was measured. The measured 
nanoparticle concentration in the supernatant was subtracted from the initial nanoparticle 
concentration added to the microcapsules to determine the adsorbed nanoparticle number on 
the microcapsules. A calibration curve of nanoparticle concentration versus absorbance was 
initially established to allow the concentration of nanoparticles remaining in the supernatant 
to be easily determined (Fig. S2 in supplementary information). 
e. Characterisation 
Size distribution measurement of polymer microcapsules was conducted on a Malvern 
Mastersizer (Malvern Instruments, Asia Pacific). Capsule morphology of the NP-adsorbed 
capsules was conducted on a JEOL 1010 transmission electron microscope (JEOL, USA). 
Scanning electron microscopy was used to investigate polymer and gold shell capsule 
morphologies, using a Hitachi SE3500 scanning electron microscope (Hitachi, Asia Pacific). 
Chemical composition of the microcapsules was analysed using an Oxford Instruments 
energy dispersive x-ray spectrometer attached to a JEOL 7001 field emission SEM (JEOL, 
USA). Release of hexyl salicylate was characterised by gas chromatography (Shimazdu GC 
2010 Plus). An Agilent CP Sil 5 CB column, 100% dimethylpolysiloxane, length 30 m, 
internal diameter 0.25 mm, was used. The temperature profile was increased from 50 C to 
300 C at 20 C/min, then held at 300 C for 4 minutes. 
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Results and Discussion 
The aim of this work is to ascertain how nanoparticle adsorption onto the polymer 
microcapsule surface affects the resulting metal shell growth and final thickness. The 
polymer microcapsules were prepared as described in our previous work using a solvent 
evaporation method7 with hexyl salicylate, a commonly used fragrance oil, as the core 
material. In accordance with our previous findings, core-shell microcapsules with an average 
size of 10 µm were obtained. Platinum nanoparticles, stabilised with poly(vinyl pyrrolidone) 
were physically adsorbed to the surface of the polymer microcapsules, and the NP 
concentration and adsorption time were varied to aim for varied NP adsorbed densities. Gold 
films were deposited onto PMMA capsules by electroless deposition using the platinum 
nanoparticles initially physisorbed onto the shells as a catalyst (SEM images of the gold 
shells produced under various conditions can be found in figure S1 of the supplementary 
information).  
Gold-coated capsules, from each of the samples, were set in an epoxy resin and microtome 
slices were taken at 60 nm intervals to enable observation of a large population of capsule 
cross-sections. Under the TEM, the gold shells are seen as dark rings contrasting with the 
lighter polymer and resin. As a result the microcapsule metal shell thickness can easily be 
measured using the image analysis software, imageJ, as described in the methods section. The 
maxima of the frequency plots generated from analysis of the measured shell thicknesses was 
used to obtain the reported average measurement of the sample shell thickness from the 
cross-sections. It is important to note here that the diamond knife used to slice the capsules 
embedded in resin can cause the capsules to deform in the direction of the cutting action (so 
they appear more oval instead of spherical) and because of this it can also cause 
imperfections to appear in the shell.  
Metal shell thickness was measured following the procedure described above for 
microcapsules exposed to different initial concentrations of nanoparticles as shown in Figure 
2. As the number of nanoparticles added to the polymer microcapsule suspension is 
increased, for a fixed surface area of capsules and at a fixed adsorption time, a clear reduction 
in the thickness of the resultant secondary metal film produced through the electroless 
deposition process is initially observed, until a plateau is reached at > 6 x 104 nanoparticles 
per µm2 of capsule surface area. An initial hypothesis based on these data suggests that 
nanoparticle arrangements in the adsorbed film directly impacts the thickness of the final 
metal shell, supported by the data shown in figure 4, which will be discussed in more detail 
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later in the article, which shows that the adsorbed density of nanoparticles increases with 
increasing nanoparticle concentration used, at least until a concentration of 6.3 x 104 
nanoparticles per µm2 of capsule surface area. 
 
Figure 2 - Microcapsule secondary metal shell thickness as a function of increasing 
concentration of nanoparticles during the initial nanoparticle catalysts adsorption stage. 
In all experiments, microcapsule surface area is maintained constant alongside 
adsorption time (30 minutes at ambient temperature).  
 
Based on our previous findings, the adsorption density of PVP-Pt nanoparticles onto PMMA 
capsules with a different oil core (toluene) was controlled by changing the concentration of 
the nanoparticle dispersions, with a maximum coverage by the metal NP core ~5% of the 
surface (with the remainder of the NP occupied area covered by the PVP polymer stabiliser), 
representing a hexagonally close packed monolayer.7 Thus, if we consider the adsorbed 
nanoparticle layer to be a monolayer, then a possible explanation for the difference in shell 
thickness at low and high coverage of nanoparticles on the polymer surface is given in the 
schematic shown below (figure 5). Horiuchi et al. describe how platinum nanoparticles can 
spatially locate and direct the growth of gold films.17 They show that when gold deposits are 
selectively removed from a 2D film of polymer embedded with PVP-Pt that had previously 
been subjected to electroless gold deposition, Pt NPs are clearly visible via TEM, where the 
gold deposits once were. As a result, we may expect the gold film to initially nucleate and 
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grow from the adsorbed platinum nanoparticles (in this case acting as seeds) during the 
electroless plating process. As the added nanoparticle concentration increases, the density of 
the nanoparticles adsorbed on the polymer surface will increase, leading to a reduction in 
inter-particle spacing. Thus, we may expect that for adjacent nanoparticle centres with larger 
inter-particle spacing to fuse together, proportionately larger amounts of gold will be required 
to deposit and grow (Figure 3a) to form a complete shell, than for the case where the 
nanoparticles are closer together (Figure 3b). This suggests that in order to get the thinnest 
possible gold films, a higher density of efficiently packed (e.g. a 2D hexagonal array) 
nanoparticles is preferred so that a minimum amount of precipitating gold is required to fill in 
the inter-nanoparticle gaps. 
 
Figure 3 - Schematic diagrams of proposed mechanism of gold growth onto a single layer 
nanoparticle film when a) low density and b) high density of nanoparticles are adsorbed 
to the polymer surface. 
UV-vis spectroscopy was conducted on the supernatant once the nanoparticle adsorption 
process onto the capsules was complete. By deducing the number of nanoparticles remaining 
in the bulk from these measurements, the number of adsorbed nanoparticles on the 
microcapsule surface was calculated. We found that after 30 minutes, there were few 
nanoparticles remaining in the bulk and essentially all the nanoparticles that were added were 
adsorbed to the capsules at the three concentrations tested here (fig 4). These concentrations 
were all well above that required for a simple monolayer, indicating a likelihood of multiple 
layers of nanoparticles forming on the capsules.  
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 Figure 4 - Number of nanoparticles adsorbed to polymer microcapsule surface as a 
function of the number initially added to the polymer microcapsule sample. 
Experiments were conducted at room temperature with an adsorption time of 30 min. 
To further explore the proposed mechanism of gold film growth, the time allowed for 
nanoparticle adsorption was varied for the case where 6.3x104 nanoparticles were added per 
µm2 of capsule surface. This sample was chosen because the nanoparticle concentration used 
in this case was the lowest for the thinnest gold shells obtained. Figure 5 shows that there is 
no discernible increase in gold metal shell thickness with NP adsorption time, except for 
small differences at very low adsorption times. This suggests that the nanoparticle adsorption 
occurs rapidly since little or no reduction in film thickness is observed even for short 
adsorption times. No significant effect of NP adsorption time was also observed at a different 
concentration of 1.6x104 nanoparticles per µm2 of capsule surface. 
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Figure 5 - Metal shell thickness as a function of nanoparticle adsorption time for 6.3x104 
nanoparticles per µm2 of capsule surface area (black) and 3.2x104 nanoparticles per µm2 
of capsule surface area (orange). Adsorption occurred at ambient temperature. 
By measuring light absorbance of the capsule suspension supernatant after nanoparticle 
adsorption using UV spectrophotometry, the concentration and thus the number of 
nanoparticles remaining in the supernatant was estimated (against a calibration curve 
obtained under the same conditions see Figure S2). On the basis of these data, the number of 
nanoparticles adsorbed to the capsule surface was indirectly obtained via mass balance 
between the initial concentration of nanoparticles in the suspension and the concentration 
remaining in the supernatant following the adsorption process. From this an equivalent 
number of particle monolayers (assuming hexagonal packing of the NP on the microcapsule 
surface) was calculated and these data are presented in Figure 6. These results suggest that 
the PVP-Pt nanoparticles are either forming multi-layers on the microcapsule surface or are 
adsorbing as aggregated species. It should be noted that hexyl salicylate has low solubility in 
water (0.009 mg/mL), and so a small volume of the oil can diffuse out of the polymer shell. 
To deduce whether the adsorption conditions caused NP aggregation, a small volume of 
hexyl salicylate was added to the NP dispersion, causing immediate destabilisation of the 
dispersion. These data also confirm that the adsorption process is rapid with significant 
coverage seen after just 2 min. The number of nanoparticles adsorbed is relative to the initial 
concentration added to the microcapsule suspension, and in these cases more than 95% of the 
available nanoparticles have been adsorbed (fig 4), suggesting that the range of NP 
concentrations investigated here reside within the linear region of the adsorption isotherm.  
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 Figure 6 - Resulting equivalent number of hexagonally close packed 2D layers on capsule 
surface with adsorption time calculated from UV absorbance of nanoparticles remaining 
in supernatant after adsorption and washing stages at ambient temperature. 6.3x104 
nanoparticles (blue), 3.2x104 nanoparticles (orange), 1.3x104 nanoparticles (grey) per µm2 
capsule surface area. 
To further understand how the nanoparticles adsorb to the microcapsules, microtome slices of 
the nanoparticle-loaded capsules (i.e. prior to electroless plating) embedded in resin were 
taken and viewed under TEM. Representative examples of the micrographs obtained are 
shown in figure 7. 
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Figure 7 - Transmission electron micrographs showing cross sections of polymer capsules 
with nanoparticles adsorbed from various concentrations, a) 1.3x104 b) 3.2x104  and c) 
6.3x104 nanoparticles per µm2 capsule surface area, adsorbed for 30 minutes.  
These micrographs show that as more nanoparticles are added, an aggregated layer, which 
forms on the capsule surface, becomes thicker and covers progressively more of the surface. 
The distribution of nanoparticles on the capsule surface is uneven, with clusters of aggregated 
nanoparticles in some parts, along with thinner, more densely packed layers in others. When 
a lower concentration of nanoparticles is added, large gaps in the nanoparticle coverage can 
be seen (figure 7a), but even at this concentration multiple (incomplete) layers are formed, 
confirming the data (grey data points) presented in figure 6, where we observe the equivalent 
of approximately 1.5 monolayers of nanoparticles adsorbed to the capsules, for an adsorption 
time of 30 minutes. Figure 7b and c suggests an open and relatively porous film of 
nanoparticles is formed on the polymer shell, with many more layers adsorbed as the 
nanoparticle concentration is increased.  
At this stage of the investigation, the schematic presented in Figure 2 therefore needs to be 
revisited as it appears to represent a somewhat simplistic representation of the observed 
system behaviour. An alternative mechanism of gold film growth is therefore suggested 
where the gold must penetrate into the porous adsorbed nanoparticle layer and grow to fill in 
the pores, thereby forming a complete layer. The presence of a fractal nanoparticle layer in 
this particular system may explain why the gold shell thickness remains at 70 nm, as there are 
parts of the nanoparticle layer which stretch to this distance from the polymer surface.  The 
nanoparticle coverage seen in figure 7 is not uniform over the whole capsule surface, likely 
due to the marginal stability of the nanoparticles and associated aggregation leading to both 
aggregate and single particle adsorption. The nanoparticle instability seen on the capsule 
surface is also likely to be due to the interaction between the core material and nanoparticle 
polymer stabiliser, which is perhaps plasticised by the hexyl salicylate core oil. Indeed, when 
a small volume of hexyl salicylate is added to the nanoparticle suspension (i.e. saturating the 
aqueous phase with the oil), nanoparticle destabilisation occurs, which was verified by visual 
observation as the nanoparticles aggregated and precipitated to leave a colourless aqueous 
phase (figure S3 in supplementary information). This marginal stability is somewhat 
desirable in that it likely improves the nanoparticle affinity for the polymer surface. In our 
previous work where toluene was used as the core material, nanoparticle aggregation is not 
induced by the presence of the oil, suggesting that the polymer microcapsule chosen core oil 
plays a significant role in the adsorption of the nanoparticles (see figure S4 in supplementary 
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information). Using 6.3x104 nanoparticles per µm2 of spheres, with a 30 minute adsorption 
time it is clear from transmission electron micrographs that non-uniform multilayers occur on 
the hexyl salicylate core capsules (fig S4 in supplementary information). Based on the 
nanoparticle distributions observed using TEM, figure 8 illustrates possible alternative 
mechanisms of growth at different surface coverages of aggregated nanoparticles as a 
schematic. 
 
 
Figure 8 - Schematic diagram of proposed mechanisms of gold growth when a) a dense 
but porous network of nanoparticles cover the surface to form non-homogenous multi-
layers, and b) nanoparticles form clusters which sporadically adsorb to the capsule 
surface resulting in low density coverage. 
It is anticipated that at a low density of nanoparticle clusters, initially the gold would fill in 
the open structure formed by the clusters, then continue to nucleate and grow until fusing 
with an adjacent cluster, similar to the mechanism presented in figure 3a, but with larger 
catalytic sites. As the nanoparticle clusters are unevenly distributed across the surface when a 
lower concentration of nanoparticles is added to the capsules (figure 7a), the gold clusters are 
likely to grow larger before fusing, resulting in the thicker films as seen in figure 3 for lower 
nanoparticle concentrations. Considering the nanoparticle structures seen in figure 7b and c 
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when higher nanoparticle concentrations are used, we expect that the gold will also penetrate 
the open structure formed by the nanoparticles, growing to fill in the gaps, without limited 
further growth required to form a complete shell. This theory is supported by the transmission 
electron micrographs of gold shells, shown in figure 9. These are representative microtome 
slices of the sample where 6.3x104 nanoparticles per capsule surface (µm2) were added (as 
seen prior to gold coating in figure 7c). The gold shell thickness shown here is seen to be of 
the same order of magnitude as the nanoparticle layer, around 70 nm, confirming that the 
gold most likely grows within, and fills, the porous film. 
 
 
Figure 9 – Representative transmission electron micrographs showing cross sections of 
gold-coated polymer capsules with 6.3x104 nanoparticles added per µm2 capsule surface 
area. 
Whilst the mechanism of metal shell growth is now somewhat clearer, a thinner shell has still 
not been achieved. In order to optimise the system, a highly packed monolayer of 
nanoparticles is still required to limit the ultimate thickness of the metal shell produced, 
following the mechanism suggested in figure 3b. Our future work will investigate how to 
better control the nanoparticle adsorption to achieve a single, close packed monolayer, in 
order to grow impermeable and more cost efficient gold shells on polymer microcapsules. 
Conclusions 
This work aimed to develop a fundamental understanding of the mechanism of metal shell 
growth on polymeric capsules with a view to optimising the capsules to be more cost 
efficient. We have found that for the manufacture of metal-coated microcapsules, the total 
nanoparticle loading, and associated spatial arrangement of these nanoparticles, onto the 
preformed polymer capsule surface is clearly important in determining the metal shell 
thickness when using electroless plating. Lower surface coverage is seen here to give thicker 
metal shells. The adsorption of nanoparticles onto the polymer capsule surface occurs very 
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rapidly, with more than the equivalent of a monolayer adsorbing in a few minutes. By 
exploring the nanoparticle distribution of the capsule surface, it has been shown that close 
packed monolayers were not formed, but that the nanoparticles were aggregating and formed 
multilayers on the microcapsule surface, likely as a result of destabilisation through 
interaction with the small amount of core oil dissolved in the continuous phase. Thus, we 
have proposed a mechanism, supported by quantification of the adsorbed nanoparticle density 
and by transmission electron microscopy observations of microcapsule cross-sections, to 
explain the growth of the metal shells whereby the metal penetrates through the porous 
nanoparticle network to complete the layer. The arrangement of the nanoparticle layer 
therefore determines the final metal shell thickness in the cases demonstrated in this study. 
Improving the stability of the nanoparticles may allow us to achieve a close packed 
monolayer of nanoparticles on which to grow the thinnest metal shells to optimise the system 
and improve cost efficiency. 
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